Computation of the equilibrium composition of reacting gas-solid mixtures with material and energy balance constraints  Status report by Pike, R. W. & Del Valle, E. G.
N 
React lng F lu ids  Laboratory 
Department of Chemical Engineer i n  
Louisiana S t a t e  Un ive r s i ty  
Baton Rouge, Louisiana 
S t a t u s  Report  
on 
COMPUTATION OF THE EQUILIBRIUM COMPOSITION OF 
REACTING GAS-SOLID MIXTURES WITH MATERIAL 
AND ENERGY BALANCE CONSTRAINTS 
Eduardo G .  d e l  Val le ,  Graduate Assoc ia t e  
P r i n c i p a l  I n v e s t i g a t o r  
Ralph W .  Pike,  Associate  P ro fes so r  
'E- 
- 
N.A.S.A. Grant NGR 19-001-016 
Evaluat ion of  the Energy Trans fe r  
i n  t h e  Char Zone du r ing  Ablat ion 
and 
N.A.S.A. Grant NGR 19-001-059 
Analysis  of t h e  I n t e r a c t i o n  of Ab la t ive  P r o t e c t i o n  
Systems and Stagnat ion Region Heating 
NASA RFL-10 
March 1, 1970 
https://ntrs.nasa.gov/search.jsp?R=19700015548 2020-03-12T02:36:33+00:00Z
TABLE OF CONTENTS 
I. SUMMARY 
11. INTRODUCTION 
111. THE EQUATIONS FOR RESTRICTED EQUILIBRIUM 
M a t e r i a l  B a l a n c e  C o n s t r a i n t s  
Free E n e r g y  Functions 
H e a t  B a l a n c e  C o n s t r a i n t s  
Lagrange M u l t i p l i e r  F o r m u l a t i o n  and M i n i m i z a t i o n  
C o n v e r g e n c e  
C o m p u t a t i o n a l  P rocedure  
IV . COMPARISON OF RESULTS AMONG EQUILIBRIUM,  RESTRICTED 
EQUILIBRIUM ANALYSES AND EXPERIMENTAL RESULTS 
9. v. ACKNOWLEDGEMENTS 
V I .  LITERATURE C I T E D  
V 11. NOMENCLATURE 
VIII. APPENDIX A COMPUTER PROGRAM AND TYPICAL RESULTS 
C o m p u t e r  I m p l e m e n t a t i o n  
Inpu t  
C h e m i c a l  E q u i l i b r i u m  A n a l y s i s  P r o g r a m  N o m e n c l a t u r e  
L i s t i n g  of  C h e m i c a l  E q u i l i b r i u m  A n a l y s i s  
P r o g r a m  CHEMEQ 
Page 
iii 
1 
2 
3 
3 
4 
6 
10 
10 
13 
18 
19 
20 
22 
22 
22 
24 
28 
I X  . D I S T R I B U T I O N  
ii 
70 
I. SUMMARY 
The computation of chemical equ i l ib r ium composition f o r  a m u l t i -  
component, poly-phase system r e q u i r e s  t h e  minimization of t he  equa t ion  
which expresses  t h e  f r e e  energy o f  t h e  system s u b j e c t  t o  mass balance con- 
s t r a i n t s .  A t  low temperatures t h e  equ i l ib r ium composition of t he  degradat ion 
products  of nylon-phenolic r e s i n  a b l a t i v e  composites are no t  i n  agreement 
w i t h  experimental ly-determined va lues .  In t r y i n g  t o  improve t h e  agreement 
a new approach i s  proposed. This c o n s i s t s  of s o l v i n g  the  minimization 
problem w i t h  an energy balance c o n s t r a i n t  i n  a d d i t i o n  t o  t h e  m a s s  balance 
c o n s t r a i n t s .  Comparing t h e  composition computed from t h i s  r e s t r i c t e d  
equ i l ib r ium c a l c u l a t i o n  w i t h  experimental  d a t a  showed t h a t  t h e r e  w a s  an 
o rde r  of magnitude agreement w i t h  the  l o w  molecular weight s p e c i e s  p r e s e n t .  
However, t h e  high molecular weight s p e c i e s  t h a t  w e r e  found t o  be p re sen t  
experimental ly  were n o t  p red ic t ed  t o  be p re sen t  by the c a l c u l a t i o n s  except 
i n  t r a c e  amounts. 
iii 
1 
11. INTRODUCTION 
There are s e v e r a l  techniques p r e s e n t l y  a v a i l a b l e  t o  compute complex 
cherhical e q u i l i b r i u m  (1,2,3). One of  t h e  most u s e f u l  i s  r e f e r r e d  t o  as 
f r e e  energy minimization. This technique takes  advantage of  t he  f a c t  
t h a t  a t  equ i l ib r ium t h e  f r e e  energy i s  a minimum. The usua l  procedure 
is to  s o l v e  t h e  f r e e  energy equa t ion  s u b j e c t  t o  material  balance con- 
s t r a i n t s .  A d e t a i l e d  d i s c u s s i o n  of  t h i s  technique w a s  given by d e l  Val le ,  
e t . a l .  ( 4 ) .  
r e s i n  a b l a t i v e  composite, t h e  chemical equ i l ib r ium composition computed 
I n  t h e  case of t h e  p y r o l y s i s  products  of  a nylon-phenolic 
by t h i s  method is  n o t  i n  agreement w i t h  the  experimental ly  determined 
va lues .  To t r y  t o  improve t h i s  agreement Swann (5) has  suggested t h a t  
t h i s  problem be solved w i t h  the a d d i t i o n  of an energy balance c o n s t r a i n t .  
The n a t u r e  of  t h i s  c o n s t r a i n t  i s  explained i n  d e t a i l  i n  t h i s  r e p o r t .  The 
equat ions r e s u l t i n g  from t h i s  technique are der ived following a procedure 
s imilar  t o  the  one used by the  au tho r s  i n  r e f e r e n c e  ( 4 ) .  Resu l t s  of t h e  
computer program implementation are presented and compared with experimental  
compositions f o r  t h e  degradat ion products  of a nylon-phenolic r e s i n  a b l a t i v e  
composite. The comparison shows an o r d e r  of magnitude between computed com- 
p o s i t i o n s  and experimental  va lues  of Sykes (6,7) only f o r  t he  l o w  molecular 
weight s p e c i e s  p r e s e n t .  The computer program l i s t i n g  and t y p i c a l  r e s u l t s  
are given i n  the  Appendix A .  
111. THE EQUATIONS FOR RESTRICTED EQUILIBRIUM 
A method i s  proposed i n  t h i s  r e p o r t  where a " r e s t r i c t e d  equ i l ib r ium 
state" is  de f ined .  This equ i l ib r ium s t a t e  is  obtained by adding t o  the 
r e g u l a r  f r e e  energy minimization a lgo r i thm an a d d i t i o n a l  c o n s t r a i n t ,  i . e .  
an energy balance c o n s t r a i n t .  This c o n s t r a i n t  adds an a d d i t i o n a l  equat ion 
t o  t h e  f r e e  energy minimization technique. The d e r i v a t i o n  of t h e  equat ions 
2 
fol lows.  
M a t e r i a l  Balance C o n s t r a i n t s  : 
Consider a mixture  con ta in ing  a number of chemical spec ie s  (n gaseous 
and n+l t o  q condensed s p e c i e s ) .  The mater ia l  balance f o r  t h e  number of  
grams- atoms of element j i n  t h e  mixture  can be w r i t t e n  as: 
4 9 a i j  xi + c aij  xi = - b  
j i= 1 i=n+l 
j = 1, 2,  .... m (1) 
where m i s  t h e  t o t a l  number o f  elements.  
Free Energy Funct ions:  
The f r e e  energy expres s ion  f o r  each of t he  n gaseous s p e c i e s  c a n , b e  
expressed by the  r e l a t i o n  f o r  an i d e a l  gas mixture:  
where 
. and 
i = 1.. ... n 
n 
i=l 
- 
x =  c x i  
Assuming t h e  p a r t i a l  p re s su re  of  t he  condensed s p e c i e s  t o  be n e g l i b l e ;  t he  
f r e e  energy expres s ion  f o r  t h e s e  s p e c i e s  becomes 
i, ( s o l i d )  - xi  p, /RT] i = n+l . . . . q  
(3 )  
( 4 )  
( 5 )  
Hence, t h e  t o t a l  f r e e  energy func t ion  of t h e  mixture  i s  t h e  sum of  Equat ions 
(2)  and (5). This i s  expressed as 
n 4 ' f i , ( s o l i d )  + f i , ( g a s )  i=n+l i= 1 F(X) = 
3 
or i n  the  expanded form 
- 
For a given temperature  and p res su re  i t  i s  necessary  t o  determine the  amount 
of each chemical s p e c i e s  p r e s e n t ,  xi, t h e a t  minimizes the  f r e e  energy func- 
t i o n  Equation (6 ) .  This i s  s u b j e c t  t o  the  s p e c i f i c a t i o n  of  t h e  t o t a l  
amount of each element p r e s e n t ,  i . e . ,  c o n s t a n t ,  b j y  of Equation (1) .  
usua l  a n a l y t i c a l  procedure i s  t o  form t h e  cons t ra ined  equat ion  o r  augmented 
The 
func t ion  and equate  the  p a r t i a l  d e r i v a t i v e s  wi th  r e s p e c t  t o  xi of t h i s  
func t ion  t o  zero .  However, t h i s  procedure r e s u l t s  i n  a s e t  of equat ions  
wi th  the  x i ' s  expressed i m p l i c i t l y .  To o b t a i n  a s imple t ,  bu t  i t e r a t i v e  
s o l u  ion ,  a quadra t i c  approximation f o  the  f r e e  energy func t ion  i s  formed 
by Taylor s e r i e s  expansion about a s p e c i f i e d  p o i n t  Y(yl, y2,  y3. . .yq)  
and neighboring p o i n t  X(x1, x2, x3.. . xq ) .  The augmented func t ion  i s  then 
formed us ing  t h i s  approximation. 
The p a r t i a l  d e r i v a t i v e s  of t h i s  func t ion ,  wi th  r e s p e c t  t o  the  x ' s  i 
.are equated t o  zero .  This r e s u l t s  i n  a s e t  of equat ions  wi th  the  x ' s  
expressed e x p l i c i t l y .  
i 
The Taylor s e r i e s  expansion t o  the  f r e e  energy func t ion  of Equation 
~ (6), neg lec t ing  terms h igher  than second o rde r ,  i s  
where 
- x i  - Yi j::& 1.. . . .q - A i  
Taking the  appropr i a t e  p a r t i a l  d e r i v a t i v e s  
I .  
c + l!n (Yi/y) ( f o r  gases)  i=l....... n i aF(Y) = 
a Y i  
where 6 i s  t h e  Kronecher d e l t a .  Not2 t h a t  t he  second p a r t i a l  d e r i v a t i v e s  
of F(Y) w i t h  r e s p e c t  t o  t h e  y ' s  of the condensed s p e c i e s  are ze ro .  
i k  
Sub- i .- 
s t i t u t i n g  Equations (8) and (9)  i n  (7 )  g ives  the  q u a d r a t i c  approximation 
to t h e  f r e e  energy f u n c t i o n  a t  X expanded about Y.  Thus, 
Heat Ba1"ance Cons t r a in t :  
The heat of  p y r o l y s i s  of a degrading p l a s t i c  can be computed us ing  
the  fol lowing equa t ion  (8) : 
AHPYr 
+ 
rn 
where q i s  t h e  t o t a l  number of s p e c i e s  p r e s e n t  i n  t h e  p y r o l y s i s  products  
and 1 i s  t h e  t o t a l  components i n  t h e  a b l a t i v e  composite. For nylon- 
phenol ic  r e s i n  composites,  t h e  temperature,  Try where t h e  degradat ion 
s tar ts  i s  approximately 300°C. and t h e  f i n a l  temperature i s  approximately 
1000°C. P y r o l y s i s  products  are gene ra t ed -ove r  t h i s  temperature range and 
T i s  the  a p p r o p r i a t e  average 
--- P 
a s s o c i a t e d  wi th  the  p y r o l y s i s  
temperature which 
products.  It w a s  
I 
I 
gives the  c o r r e c t  energy 
determined t o  be 700°C 
as a weighted average based on t h e  m a s s  loss  ra te  (8):  
Rearranging Equation (11) gives:  
m 
The l e f t  hand s i d e  of  Equation (12)  i s  known from experimental ly  d e t e r -  
mined v a l u e s  and d e f i n e  bj+l as t h e  l e f t  hand s i d e .  
- .- ---- - - - . 
T 
Notice t h a t  t he  x ' s  are  unknown. However, t h e  r i g h t  hand s i d e  of  t he  
equat ion which i s  unknown, must s a t i s f y  the  l e f t  hand s i d e  which i s  known. 
P 
Equation (13) can be expanded t o  the  form below, and expanding w e  have: * 
n q TP + 7 X C d T ]  + k i A H i + s  x C d T ]  
25" C 
i p i  i P  i==n+l 
25" C 
( 1 4 )  
Note t h a t  Equation (14) h a s  been w r i t t e n  i n  t h e  same form as t h e  mater ia l  
balance equa t ions .  This  s i m p l i f i e s  cons ide rab ly  the f i n a l  form of the 
equat ions t o  be solved.  
In  a d d i t i o n ,  d e f i n e  H as': i 
T 
This i s  done t o  avoid c a r r y i n g  t h e  i n t e g r a l  t e r m  i n  t h e  d e r i v a t i o n ;  and 
the r e s u l t i n g  equat ion i s  
n 9 
= C H i X i  + C H. X 
i= 1 i=n+1 j+1 
5 
. . 
6 
-Lagrange M u l t i p l i e r  .Formulation and Minimization 
To form t h e  augmented func t ion ,  t h e  q u a d r a t i c  approximation t o  t h e  
f r e e  energy, Equation (10) i s  sub jec t ed  t o  t h e  c o n s t r a i n t s  of Equations 
(1) and (5). Thus, u s ing  t h e  method of Lagrange undetermined m u l t i p l i e r s ,  
The c o n d i t i o n  f o r  equ i l ib r ium i s  ‘ & G O  = 0.  
axi 
But 
a Q ( X >  - C 7. a.ij - *j+l Hi = o  
j=I. 3 ax i 
(16) 
Hence equat ion (16) becomes 
q i = n + 1 ... 
i=l.. n 
S u b s t i t u t i n g  (18) i n  (171, f o r  i = l,...,n gives 
and (19) i n t o  (17) ,  f o r  i = 1, . . . , q  gives 
-0 
xi, gas ) t o  ob ta in :  Equation (20) can be solved f o r  x i (=. 
( 2 2 )  i = l...n 
7 
Since 
Equation (22) becomes 
m 
x i , gas  
-i = l . . . n  (23) 
Equation (23) g ives  t h e  c a l c u l a t e d  va lues  of x based on the  es t imated  
va lues  of y and the  c a l c u l a t e d  va lues  of t he  Lagrange m u l t i p l i e r s .  
The computed va lues  of x w i l l  s e r v e  a s  e s t ima tes  of t h e  va lues  f o r  
i, gas 
i, gas 
i, gas 
the  next  i t e r a t i o n .  
The e lementa l  ba lance ,  Equation ( l ) ,  can now be put  i n  terms of guessed 
va lues  of y by s u b s t i t u t i n g  Equation(23) i n t o  i t .  Then the  equat ion  
becomes 
i, gas 
- 9 
iZn+l 
. .  n r 
2- i=l i k  'i J + I ~a ' + C a ikXi  = b k  k = l...rn 7 
t o  s i m p l i f y  equat ion  (241,  i t  is convenient t o  d e f i n e  
n 
= r  = 72 aik Hi yi k = l...rn 
j+l , k k,j+l i=l r 
n t 
k = l...m 
8 
Note t h a t  t h e  .primes on Equations (27) and (28) denote summation over the 
gas s p e c i e s  only.  S u b s t i t u t i n g  Equations (25) through (27) i n t o  (24) 
r e s u l t s  i n  t h e  fol lowing expression:  
- 
m I 4 n 
+ b k u +  C a = b + c a f (Y) (29) 
j= 1 =jk "j 'j+l,k 'j+1 i=n+l i k  'i k i = l .  i k  i 
k = l . . . m  
The above r e p r e s e n t s  m equations- i n  t h e  m + 2 + s unknowns. The t o t a l  
number of  s o l i d  phases a t  equ i l ib r ium i s  s ,  and t h e r e  are m + 1 unknown 
Lagrange m u l t i p l i e r s ,  v 's. The a d d i t i o n a l  unknown i s  u. 
j 
It is necessa ry  t o  o b t a i n  s + 2 a d d i t i o n a l  equat ions t o  completely 
d e f i n e  the  equ i l ib r ium s ta te .  An a d d i t i o n a l  equa t ion  is  obtained by 
summing over t h e  i ' s  i n  Equation (23) .  Thus, 
Noting t h a t  t h e  l e f t  hand s i d e  of  t h e  equa t ion  cance l s  w i th  the  l as t  
t e r m  on t h e  r i g h t  and us ing  t h e  d e f i n i t i o n s  given i n  Equations (27) 
and (28) ,  Equation (30) s i m p l i f i e s  t o :  
m t l  n 
c b. 71. = c f. (3 j=1 J J i=l 1 
With Equations (29) and (31) t h e s e  are hi + 1 equat ions i n  m + 2 + s 
unknowns. s a d d i t i o n a l  equat ions a r e  obtained from t h e  cond i t ion  t h a t  
a t  equ i l ib r ium t h e  f r e e  energy i s  a minimum, i . e . ,  aG(X)/;3xi = 0. Hence 
from Equations (17) and (19) w e  have 
- 9  
m r F T  7 c a i j  w .  + Hi lTj+l -Lz_ji  
j=1 J 
i = n+l...q 
9 
and by de f in ing  
a =  AH^ 
i, j+l 
Equation (32) becomes 
m+l so c 
a i j  n j =[3] j= 1 i 
i=l.. .q (33) 
( 3 4 )  
With Equations (29),  (31) and (34) we have m + 1 = s equat ions i n  m + 2 + s 
unknown. An a d d i t i o n a l  equat ion  i s  necessary  t o  completely de f ine  the  
system. This  i s  obtained by s u b s t i t u t i n g  Equation (23) i n t o  (15) toge ther  
wi th  the  d e f i n i t i o n  of Equation (33) ,  and is  
m n n 
-I 
n 
-C 
i=l k=l  i=l Hi f i  (Y) + C [' aik ai,j+l Y i ] n . + C  J i=l i ai, j+l a .i, j+l y i  j rj+1 
n q 
i= 1 i=n+l 
Equation (35) can be s impl i f i ed  
+ e  q i y i u +  c 
f u r t h e r  by the  p r i o r  d e f i n i t i o n s  of Equa- 
t i o n s  (26),  (28) and (33) .  Thus, Equation (35) becomes: 
* 
With Equations (29) ,  (31) ,  (34) and (36) w e  have the  m + 2 + s equat ion  t o  
so lve  , for  m + 2 + s unknown. These a r e ;  m + 1 Lagrange M u l t i p l i e r  ' S ' 9 
and s x ' s  of the  s o l i d s  o r  condensed phase. 
one Equation (31),  one Equations (34) and s Equations (36) .  A summary 
There are m Equations (29) ,  i 
of the  equat ions  i n  t h e i r  f i n a l  form i s  given below. 
m+l i q n 
i=n+l j= l  
C r 7~ + b  u + C  a x = b k +  22 a f . ( y )  k=l. .  .m i k  1 
i= 1 from quat ion  (29) 
i k  i j k  j k 
10 
m+l 
j=l  I j  J 
c ?. 71. 
from Equation (31) 
i=n+l.. . q 
from Equation 
(34)  
. .  
It should be noted t h a t  Equations (29)  and ( 3 6 )  have the  same form. 
they  a r e  shown s e p a r a t e l y  t o  emphasize the  d i f f e r e n c e  between t h e  a 
a 
element j i n  s p e c i e  i, i . e . ,  f o r  CH a f o r  carbon i s  one and f o r  
However, 
' S  and 
i k  
The a ' s  are the  formula numbers, which g ive  the  gram atoms of 
i , k + l '  i k  
4' i k  
= H .  from the  d e f i n i t i o n  of Equation ( 3 3 ) .  i , k + l  1 hydrogen f o u r .  Bu t  a 
In  Table  1 the  above equat ions  a r e  shown i n  expanded form and Equations 
(29) and (36) a r e  incorpora ted  i n t o  t h e  same gene ra l  form, which s i m p l i f i e s  
t he  computer implementation. 
Convergence : 
The number of i t e r a t i o n s  r equ i r ed  f o r  convergence i n  the  case  of 
r e s t r i c t e d  equ i l ib r ium w a s  observed t o  be g r e a t e r  than f o r  t he  gene ra l  
equ i l ib r ium case .  It was a l s o  observed t h a t  r e s t r i c t e d  equ i l ib r ium conver- 
gence seemed t o  be more sens i t i . ve  t o  t h e  presence of t r a c e  spec ie s ;  t hese  
having a de l ay ing  e f f e c t  on convergence. 
The convergence procedure used w a s  t he  same as f o r  t he  gene ra l  e q u i l i -  
brium case .  A b r i e f  d i scuss ion  fo l lows .  
Normally i n  t h e  i t e r a t i v e  procedure,  t he  amount of each s p e c i e ,  x . ,  
which is  c a l c u l a t e d  a t  the  minimum of the  cons t r a ined  quadra t i c  approxi-  
mation is  used as the  next  e s t ima te .  Following t h e  development of White 
e t . a l . .  ( 3 ) ,  
1 
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where 
x -  - A i  i ' i ,old 
The f r e e  energy f u n c t i o n  can be expressed i n  t e r m s  of the  convergence 
parameter by s u b s t i t u t i n g  y it new of Equation (35) i n t o  Equation ( 6 ) .  
r e s u l t  i s  , 
The 
n 
€=I 
F(X.1 = c CYi -f- AAi ] Ci -f- In  [(yi + In,) 1 cG -t A i )  
where y is equ iva len t  t o  y of Equat ion  (35) and i i, old 
To determine the  d i r e c t i o n  ( i n c r e a s e  o r  decrease)  of the f r e e  energy 
func t ion ,  the  d e r i v a t i v e  of F with r e s p e c t  t o  1 is  examined a f t e r  every 
i t e r a t i o n .  The d e r i v a t i v e  is  e a s i l y  computed and i s ,  
If  t h e  d i r e c t i o n a l  d e r i v a t i v e ,  dF/dh, i s  nega t ive ,  a descent  p a t h  i s  
followed; t h a t  i s ,  the  va lue  of  the f r e e  energy on the  following i t e r a t i o n  
w i l l  be less than the  previous one. When t h i s  procedure i s  success ive ly  
followed the  minimum i s  e v e n t u a l l y  reached. However, when a non-negative 
v a l u e  of the  d i r e c t i o n a l  d e r i v a t i v e  i s  obtained,  the  value of the  conver- 
gence parameter, A , i s  redilced u n t i l  a nega t ive  va lue  of the d e r i v a t i v e  i s  
obtained.  
-Computational Procedure: 
The i t e r a t i v e  procedure i s  i n i t i a t e d  by assuming any p o s i t i v e  s o l u t i o n  
Y = (yl, y2,  ...y ) which s a t i s f i e s  the  m a t e r i a l  balance equat ions.  The 
9 
values  Of f i t s  (Y) are then determined by Equations (2)  and (5) f o r  the 
13 
gases and s o l i d s  r e s p e c t i v e l y ,  as are t h e  va lues  of  r j k  by Equations (25) 
and (26). The system of  equa t ions  shown i n  Table 1 are now solved simul- 
taneously.  From t h e i r  s o l u t i o n  m + 1 v a l u e s  of t h e  Lagrange m u l t i p l i e r s  
i ( s o l i d )  the va lue  of  u(= x/y) and s va lues  of x 
of and u are used i n  Equation (23) t o  c a l c u l a t e  x . These new 
j i, gas 
va lues  serve as s t a r t i n g  estimate f o r  t h e  fol lowing i t e r a t i o n .  
- -  
are obtained.  The va lues  
A b r i e f  d e s c r i p t i o n  of  t h e  computer implementation i s  given i n  
Appendix A.  
Tv. COMPARISON OF RESULTS P;MONG EQUILIBRIUM, RESTRICTED 
EQUILIBRIUM ANALYSIS AND EXPERIMENTAL RESULTS 
The chemical composition of  t he  p y r o l y s i s  products  r e s u l t i n g  from 
t h e  degradat ion of  a 40 percen t  nylon, 60 percen t  phenol ic  r e s i n  a b l a t i v e  
composite and computed bu a r e s t r i c t e d  equ i l ib r ium a n a l y s i s  i s  presented 
i n  t h i s  s e c t i o n .  The computations have been done f o r  two decomposition 
temperatures because of  t h e  u n c e r t a i n t y  involved i n  the p r o p e r t i e s  to  
c a l c u l a t e  t h e  average temperatures.  I n  a d d i t i o n  two d i f f e r e n t  energy 
c o n s t r a i n t s  were used because of u n c e r t a i n t i e s  i n  t h e  h e a t  of p y r o l y s i s .  
The assumed average temperatures were 600" and 700°C and t h e  energy 
c o n s t r a i n t s  were -17,000 and -29,000 calories/grain-mole of polymer which 
correspond t o  -228  and -390 BTU/lb of composite. The r e s u l t s  are presented 
- i n  Table-2 and Table-3. 
In  Table-2 a comparison of r e s t r i c t e d  equ i l ib r ium w i t h  t h e  experimental  
d a t a  of Sykes (6,7) i s  given f o r  two energy c o n s t r a i n t s  (H = -17,000 and 
- 2 9 , 9 ~ 0 c a l / m o l e  of polymer) a t  a temperature of 700°C. 
show an o r d e r  of magnitude agreement w i t h  the  l o w  molecular weight s p e c i e s  
i d e n t i f i e d  by Sykes (6,7). 
carbon dioxide,  water and a m o n i a .  
w e i g h t  Species ,  phenol, t o luene ,  benzine,  e t c .  w a s  r a t h e r  poor. 
i!I the energy c o n s t r a i n t ,  H, from -17,000 t o  -29,000 cal/mole of polymer 
The r e s u l t s  
These are methane, hydrogen, carbon monoxide, 
The agreement w i t h  t h e  high molecular 
The change 
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has d i f f e r e n t  and oppos i t e  e f f e c t s  i n  s e v e r a l  of t he  spec ie s .  For example, 
an inc rease  i n  the  va lue  of H had the  e f f e c t  of decreas ing  the  amount of 
hydrogen, carbon,  and carbon monoxide, whi le  i nc reas ing  the  concen t r a t ions  
of carbon d iox ide  and water .  It should be noted t h a t  t he  m a s s  f r a c t i o n  of un- 
i d e n t i f i e d  p lus  t h a t  of carbon makes up 0.521 of t h e  t o t a l  mass f r a c t i o n  
of t he  experimental  composition, whi le  t he  r e s t r i c t e d  equi l ibr ium p r e d i c t s  
a m a s s  f r a c t i o n  of 0 . 6 3 4  carbon. It should be f u r t h e r  no t iced  t h a t  t he  
m a s s  o f  n i t r o g e n  makes up about four  pe rcen t  of t he  mixture .  No n i t r o g e n  
w a s  r epor t ed  i n  t h e  experimental  r e s u l t s  (6,7). 
I n  Table-3 a s i m i l a r  comparison i s  made, bu t  t h e  decomposition zone 
temperature  i s  taken t o  be 600°C. Again an order  of magnitude agreement 
i s  observed among t h e  composition of t h e  lower molecular weight s p e c i e s .  
Changing H a f f e c t s  t h e  composition i n  the  same fash ion  as was f o r  t he  700OC. 
case .  
In  gene ra l ,  r e s t r i c t e d  equ i l ib r ium provided an order  of magnitude 
agreement f o r  t he  composition of  low molecular weight  compound. It f a i l e d  
t o  g ive  any agreement wi th  the  h igher  molecular weight component. 
I n  Table-4 a comparison of r e s t r i c t e d  equ i l ib r ium wi th  the  gene ra l  
e q u i l i b r h m  a n a l y s i s  i s  given.  It is shown t h a t  t he  compositions a r e  
w i t h i n  an order  of magnitude of each o t h e r .  The only  mass f r a c t i o n  t h a t  
i s  the  same i s  t h a t  of n i t rogen ,  s i n c e  i t  i s  p r a c t i c a l l y  an i n e r t ,  and t h a t  
of carbon which agrees  w i t h i n  ene pe rcen t .  
__ 
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COMPARISON OF RESTRICTED EQUILIBRIUM ANALYSIS WITH THE GENERAL 
COMPOSITE, AT 7 0 0 0 ° C  AND 1 ATMOSPHERE 
EQUILIBRIUM ANALYSIS FOR A 40% NYLON, 60% PHENOLIC R E S I N  
SDecies 
Pheno 1 
B e n z e n e  
To Luene 
Me thane 
H y d r o g e n  
C a r b o n  M o n o x i d e  
C a r b o n  D i o x i d e  
Water 
NH3 
N2 
C 
Res t r ic ted  E q u i l i b r i u m  
Mass F rac t ion  f o r  
H = -29,000 c a l / m o l e  of p o l y m e r  
10- l3 
SO- l7 
10-13 
0.025 
0.065 
0.205 
0.014 
0.021 
0.039 
0.631 
E q u i l i b r i u m  
C o m p o s i t i o n  
10-18 
18-13 
0.043 
0.059 
0.150 
0.031 
0.043 
0.039 
0.636 
I 
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VII. NOMENCLATURE 
Symbo 1 
a , .  
1.3 
b 
j 
f i  
Hi 
. AHf,i 
1 
m 
n 
P 
pi 
Q (X) 
4 
rjk 
R 
Desc r ip t ion  
Formula numbers g iv ing  gram-atoms of j t h  element i n  
t h e  i t h  spec ie s  
Gram-atoms of  j t h  element i n  mixtures  de f ined  by 
Equation (.l) 
Defined by Equation (14) 
Funct ion def ined by Equation ( 3 )  
Heat c a p a c i t y  
F ree  energy func t ion  of a mixture  as def ined by 
Equation (6)  
Standard molal f r e e  energy of  spec ie s  i as  a pure 
substance a t  temperature T 
Molal f r e e  energy of s p e c i e s  i i n  a mixture 
F ree  energy of  s p e c i e s  i def ined  by Equations (2)  
and (5) 
Function def ined by Equatlon (16)  
Enthalpy of s p e c i e s  i 
Standard h e a t  of formation of s p e c i e s  i 
Heat of  p y r o l y s i s  
Standard molal enthalpy of s p e c i e s  i a t  temperature T 
T o t a l  number of components i n  t h e  a b l a t i v e  composite 
T o t a l  number of chemical elements 
T o t a l  number of gaseous spec ie s  
T o t a l  p re s su re  of system 
P a r t i a l  p re s su re  of s p e c i e s  i 
Function de f ined  by Equation (10) 
To ta l  number of chemical s p e c i e s  (gases and s o l i d s )  
Defined by Equation (25) 
Universal  gas cons t an t  (1.987 cal/gm-mole O K )  
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Symbol 
S 
T 
T 
P 
Tr 
U 
i X - 
X 
yi 
Greek 
@i 
Ai 
a - 
i k  
- 1  
T 
Subs c r  i p  t 
i 
Super sc r ip t  
0 
Desc r ip t ion  
Temperature 
Average temperature of t he  range over which p y r o l y s i s  
t akes  p l ace  
Temperature a t  which p y r o l y s i s  begins 
Moles of s p e c i e s  i i n  the mixture  a t  equ i l ib r ium 
T o t a l  moles o f  gaseous products  a t  equ i l ib r ium de f ined  
by Equation ( 4 )  
T o t a l  moles o f  gaseous products  (assumed v a l u e )  
Moles o f  s p e c i e  i i n  t h e  mixture  (assumed va lue )  
A c t i v i t y  o f  s p e c i e s  i 
Function de f ined  by Equation (7a)  
Defined by Equation ( ) 
Kronecker d e l t a  (6 ik  = 3.1 f o r  i = k and bik = 0 f o r  
i # k) 
Parameter o f  a l i n e  through two p o i n t s  
j t h  Lagrange mu1 t i p l  i e r  
Refe r s  t o  the  s p e c i e s  
Refe r s  t o  the  elements 
Refers  t o  a b s o l u t e  temperature 
Denotes the  s t anda rd  s t a t e  (298'K and one atmosphere 
p r e s  su re )  
Denotes p e r  mole 
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Appendix A 
Appendix A con ta ins  a copy o f  t h e  p r i n t o u t  of t h e  c a l c u l a t i o n s  used i n  
t h i s  r e p o r t .  A copy w i l l  be furnished by t h e  au tho r s  upon r e q u e s t .  
